Kinetochores act as hubs for multiple activities during cell division, including microtubule interactions and spindle checkpoint signaling. Each kinetochore can act autonomously, and activities change rapidly as proteins are recruited to or removed from kinetochores. Understanding this dynamic system requires tools that can manipulate kinetochores on biologically relevant temporal and spatial scales. Optogenetic approaches have the potential to provide temporal and spatial control with molecular specificity. Here we report new chemical inducers of protein dimerization that allow us to both recruit proteins to and release them from kinetochores using light. We use these dimerizers to manipulate checkpoint signaling and molecular motor activity. Our findings demonstrate specialized properties of the CENP-E (kinesin-7) motor for directional chromosome transport to the spindle equator and for maintaining metaphase alignment. This work establishes a foundation for optogenetic control of kinetochore function, which is broadly applicable to experimentally probe other dynamic cellular processes.
Introduction
The kinetochore is a complex macromolecular structure, comprised of more than 100 different proteins, that assembles at the centromere of each chromosome during cell division 1, 2 . Kinetochores perform multiple essential tasks for chromosome segregation, including building physical connections between chromatin and the force generating microtubule (MT) polymers, and housing regulatory proteins that ensure faithful segregation 3 . Defects in these processes lead to chromosome segregation errors and genome Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms instability, which are associated with cancer and developmental diseases 4 . Kinetochore function depends on dynamic localization changes of components such as kinases, molecular motors and mitotic checkpoint proteins. For example, coordinated actions of plus and minus-end directed MT motors drive chromosome movements to align at the spindle equator 5, 6 (Figure 1a ). This process of chromosome congression facilitates attachment of sister kinetochores to opposite spindle poles (bi-orientation), so that each daughter cell ultimately receives exactly one copy of each chromosome. Dynein initially transports chromosomes towards MT minus-ends at spindle poles, and then a kinesin-7 motor, CENP-E, transports them to MT plus-ends at the spindle equator ( Figure 1a) . The spindle checkpoint provides sufficient time for all chromosomes to congress and bi-orient by delaying anaphase in the presence of kinetochores lacking proper MT attachment 7, 8 . Checkpoint signaling proteins are enriched on unattached kinetochores to activate the checkpoint and released from attached kinetochores to silence the checkpoint (Figure 1a) . Each kinetochore can act autonomously, so that a single unattached kinetochore can signal the whole cell to wait before proceeding to anaphase. After congression and bi-orientation, kinetochores maintain stable attachments to dynamic microtubule plus-ends, which will ultimately drive chromosome segregation in anaphase ( Figure 1a) .
A promising approach for understanding this complex and dynamic system is to manipulate kinetochores on biologically relevant temporal and spatial scales, with molecular specificity, which has not been possible with existing methods. Molecular approaches such as genetic manipulations or RNA interference (RNAi) target specific proteins 9 but lack spatial and temporal control. Small-molecule inhibitors offer temporal, but not spatial control, and their molecular specificity is variable and difficult to thoroughly characterize 10 . Laser microsurgery can be used to ablate single kinetochores with temporal control but lacks molecular specificity 11 .
Optogenetic tools have the potential to provide both spatiotemporal control using light and molecular specificity by using genetically encoded protein tags, and have emerged as important tools to probe dynamic cellular processes such as organelle transport, cell signaling and polarity [12] [13] [14] . We previously reported a photocaged chemical dimerizer that can recruit tagged proteins from the cytosol to multiple cellular structures 15, 16 . Using this molecule, dimerization can be reversed by adding a competitor, but a major limitation is that reversal is slow and lacks spatial control. One feature of this system is the modular design of the dimerizer, which facilitates the development of new molecules on the same platform.
Here we exploit this design by developing two new dimerizers. One can be uncaged with less light and longer wavelengths. The other allows reversal of dimerization so that proteins can be recruited to and subsequently released from cellular structures. We apply those dimerizers to manipulate two important kinetochore functions: checkpoint signaling and molecular motor activity. Overall, our findings establish a foundation for opotogenetic manipulation of kinetochores and reveal specialized properties of the motor protein CENP-E for transporting chromosomes specifically towards the spindle equator and for stabilizing the metaphase plate.
Results

New optogenetic tools
Our previously reported dimerizer (NTH) (1) contains three modules: a 6-nitroveratryl oxycarbonyl (NVOC) photocage to prevent untargeted dimerization, trimethoprim (TMP) that non-covalently binds to Escherichia coli dihydrofolate reductase (eDHFR), and
Haloligand that covalently binds to a bacterial alkyldehalogenase enzyme (referred to as Haloenzyme, Figure 1b) . Illumination removes the photocage, allowing dimerization of eDHFR-tagged proteins with Halo-tagged proteins. Based on this modular design, we developed two new dimerizers that offer additional properties: increased sensitivity to light and rapid light-induced reversal of dimerization.
First, we replaced the NVOC with a [7-(diethylamino)-coumarin-4-yl]methyl (DEACM) photocage, which is more sensitive to light and can be uncaged at longer wavelengths 17 . Details of the synthetic scheme and characterization can be found in supplementary information. This new molecule (CTH (2), Figure 1b Figure 1b) . To show that CTH can recruit proteins from the cytosol to cellular structures, we targeted mCherry to mitochondria by uncaging CTH with 385 nm light. Notably, CTH requires less light than NTH to uncage (Figure 1c) , and CTH can be uncaged with 444 nm light whereas NTH is only sensitive to shorter wavelengths (Supplementary Figure 1c, d ).
Second, we developed a dimerizer that can be cleaved with light to reverse dimerization. Taking advantage of the modular design of our system, we inserted a cleavable NVOC linker in between the Halo and TMP ligands to make TNH (3) (Figure 1b) . Details of the synthetic scheme and characterization can be found in Supplementary Note. To show that TNH enters live cells and recruits proteins to cellular structures, we targeted mCherry-eDHFR to mitochondria. The kinetics of recruitment depend on TNH concentration (Supplementary Figure 1e) , with the highest degree of dimerization (t 1/2 ~2 minutes) observed at 0.1 μM. A higher concentration (1 μM) is less effective because independent occupancy of both protein binding sites with two different TNH molecules would lead to unproductive protein-ligand complexes. A lower concentration (0.01 μM) required more time (t 1/2 ~5 minutes) to achieve maximum dimerization (~80% of that at 0.1 μM). TNH is not toxic to cells at these concentrations (Supplementary Figure 1b) . To test whether the recruitment can be reversed with light, we targeted multiple regions sequentially with a 405 nm laser (Figure 1d) . mCherry was released rapidly in the illuminated regions, demonstrating reversal of dimerization with spatiotemporal control.
As a functional test of the new dimerizers, we used them to control organelle transport. We previously showed that recruitment of kinesin or dynein motors to peroxisomes induces transport to the periphery or center of the cell, respectively 16 . Recruiting the dynein adapter BICD to peroxisomes by uncaging CTH led to peroxisome accumulation at the cell center, as expected (Supplementary Figure 2) . To show that this transport can be halted by reversing dimerization, we used TNH to recruit an N-terminal fragment of kinesin light chain 1 (KLC1) to peroxisomes and subsequently cleaved it with light on one side of the cell ( Figure  1e , yellow region). After incubation with TNH but before cleavage, peroxisomes were partially depleted from the interior of the cell. After illumination, peroxisomes remained on the cleaved side but depletion continued on the uncleaved side. Furthermore, peroxisomes accumulated in peripheral regions, where MT plus-ends are located, on the uncleaved side, as expected for kinesin-mediated transport (Figure 1e, f) 16 . These results demonstrate that organelle transport induced by dimerization can be arrested with spatial and temporal control by photocleaving the dimerizer.
Activating and silencing the spindle checkpoint
To test our ability to manipulate kinetochores, we first focused on the spindle checkpoint. The checkpoint is initially active when checkpoint proteins localize to kinetochores early in mitosis and then silenced when these proteins are removed from all kinetochores at metaphase, leading to anaphase onset. With TNH, we aimed to control both checkpoint activation and silencing by manipulating kinetochore localization of the checkpoint protein Mad1 (Figure 2a ). For these experiments we used cells expressing eDHFR-mCherry-Mad1 together with Mis12-GFP-Halo or Halo-GFP-CENP-T, both constitutive kinetochore proteins. After adding TNH, Mad1 was recruited from the cytosol to metaphase kinetochores, and the spindle checkpoint was re-activated as <10% of cells proceeded to anaphase within 30 minutes. In comparison, >80% of control cells, which either did not express eDHFR-mCherry-Mad1 or were not treated with TNH, entered anaphase ( Figure 2b , c, f). This re-activation is consistent with previous observations using rapamycin-induced dimerization 18, 19 . Rapamycin is irreversible on the relevant time scale, but by cleaving TNH we could release Mad1 from kinetochores with light. Mad1 was undetectable at kinetochores after irradiation with 405 nm light, and >80% of cells proceeded to anaphase within 30 minutes (Figure 2d , f). To show spatial control, we released Mad1 from most but not all of the metaphase kinetochores, and cells remained arrested in metaphase (Figure 2e , f), indicating that Mad1 localization to a few kinetochores is sufficient for checkpoint activity. Together these results demonstrate control of both checkpoint activation and silencing.
CENP-E Transports chromosomes to the spindle equator
During chromosome congression, kinetochores that initially make lateral attachments to MTs are transported to the spindle poles by cytoplasmic dynein, a minus end-directed motor. The plus-end-directed kinetochore motor CENP-E then transports those chromosomes from the poles to the equator 20 . Successful congression depends on CENP-E transporting chromosomes selectively towards the plus-ends of spindle MTs facing the equator, but not towards the plus-ends of astral MTs facing the cortex, whereas polar ejection forces transport chromosomes in random directions 21 . To determine if this directional preference is a special property of CENP-E, we tested whether a plus-end directed motor which is not normally found at kinetochores, kinesin-1, can selectively transport chromosomes from poles to the equator (Figure 3a ). For this experiment we used cells expressing Halo-GFP-SPC25, a constitutive kinetochore protein, together with K560-mCherry-eDHFR, the constitutively active motor domain of kinesin-1 as used previously 16 . We treated cells with a small molecule CENP-E inhibitor, GSK923295, which results in accumulation of some chromosomes at the poles 22 , and then recruited kinesin-1 to kinetochores by uncaging CTH at one pole ( Figure 3b , yellow region). Chromosomes moved away from this pole while chromosomes at the unilluminated pole, serving as an internal control, showed little directional movement. The dynein/dynactin complex remains on kinetochores after kinesin-1 recruitment, indicating that the observed movement is not due to loss of dynein (Supplementary Figure 3) . Because kinetochore-bound Halo-GFP-SPC25 exchanges with the cytoplasmic pool, kinesin-1 recruited to kinetochores at the uncaged pole gradually spread to other kinetochores that were not initially targeted, leading to small displacements of those kinetochores at longer time points. Nevertheless, it is clear that kinesin-1 transported chromosomes in all directions, without preference for MTs directed towards the metaphase plate (Figure 3c , d, e).
To test whether CENP-E selectively transports chromosomes from poles to the equator in this assay, we recruited the CENP-E motor domain rather than kinesin-1. Because the CENP-E inhibitor would prevent activity of the recruited CENP-E motors, we knocked down endogenous CENP-E with small interfering RNA (siRNA) that does not target our recruited motors. We designed two truncated CENP-E constructs which include the motor domain and parts of the coiled-coil domain (1-467 and 1-620 aa). Because these constructs lack the kinetochore binding site, they were freely diffusing in the cytosol before recruitment, and some chromosomes accumulated at the spindle poles as with the CENP-E inhibitor. After recruitment to kinetochores, either CENP-E construct transported chromosomes predominantly from the poles to the equator (Figure 4a-f) . In contrast, kinesin-1 transported chromosomes equally in all directions (Supplementary Figure 4) , as in our previous experiment with the CENP-E inhibitor ( Figure 3 ). These results demonstrate that directional congression is a specialized property of CENP-E.
CENP-E maintains chromosomes at the metaphase plate
After transporting chromosomes to the equator, CENP-E remains at kinetochores, suggesting an additional role at bi-oriented kinetochores 23 . Indeed, after CENP-E deletion or depletion, bi-oriented kinetochores bind only half the normal number of MTs, and kinetochores are more frequently attached laterally rather than end-on to MTs 24, 25 . In addition, CENP-E inhibition at metaphase with GSK923295 leads to chromosome movement towards the poles, which may reflect transport by poleward MT flux because the inhibitor generates a rigor state in which CENP-E is bound to the MT but inactive 22, 26 . In vitro, CENP-E converts from a lateral transporter into a MT tip-tracker after reaching the MT end and maintains association with both assembling and disassembling MT tips 26 . If the tip-tracking activity contributes to CENP-E function in vivo, we predict that CENP-E would stabilize attachments between kinetochores and dynamic MT ends to maintain chromosome alignment at metaphase. To test this prediction, we established an assay to probe the stability of metaphase alignment by recruiting kinesin-1 to kinetochores to generate directional forces (Figure 5a ). After recruiting kinesin-1 to metaphase kinetochores, the metaphase plate is mildly disturbed as the average distance of kinetochores to the equator increased slightly over time, compared to a stable metaphase plate in control experiment where no motor was recruited (Figure 5b-d) . CENP-E inhibition generates some polar chromosomes, but those aligned at the metaphase plate maintain their positions over the time course of our experiment (10 minutes). In contrast, after recruiting kinesin-1 to kinetochores under CENP-E inhibition, chromosomes at the metaphase plate rapidly lost alignment as the average distance of kinetochores to the equator increased dramatically (Figure 5b-d) . This result indicates that after inhibiting CENP-E, the metaphase plate is less stable and therefore more prone to disruption by forces generated by recruited motors.
Discussion
We developed new optogenetic tools and applied them to control important kinetochore functions: spindle checkpoint signaling and motor activity. The first new molecule, CTH, has a red-shifted photocage, expanding the range of wavelengths that can be used for uncaging, and requires less light to uncage compared to our previously reported NTH. The second new molecule, TNH, offers spatiotemporal control over reversal of dimerization. Our system has both advantages and disadvantages compared to photosensitive protein dimerization systems. For example, the TULIP system does not provide controlled reversibility, but rather relies on the dissociation kinetics of the protein-protein interaction 27 . The phytochrome B -phytochrome-interacting factor system can be switched on and off repeatedly using different wavelengths of light, but was not successful in targeting kinetochores 28, 29 . With our system, light can be used to either trigger dimerization or to reverse dimerization, depending on the choice of dimerizer, but not for repeated ON/OFF cycles. The modular design supports further expansion, however, through creation of new dimerizers with additional properties. For example, a future goal is to combine the orthogonal coumarin photocage and NVOC linker to create a molecule that allows spatiotemporal control for both dimerization and reversal of dimerization.
Previous experiments targeting Mad1 to kinetochores showed that the checkpoint is activated by constitutive tethering or by rapamycin-induced recruitment 18, 19, 30 , but the effects of removing Mad1 could not be examined because the targeting was not reversible. Our results show that cells progress to anaphase after removal of Mad1 from kinetochores by TNH cleavage, thus providing control over cell cycle progression through both activation and silencing of the spindle checkpoint. During normal mitotic progression, checkpoint activity is sustained as long as checkpoint proteins remain on one or a few unattached kinetochores. Our results show that maintaining Mad1, specifically, on a few kinetochores is sufficient to maintain checkpoint activity. A future goal is to test whether Mad1 localization to a single kinetochore is sufficient to activate the checkpoint, which is technically challenging because we have not yet identified a stable Halo-tagged anchor protein at kinetochores that does not exchange with the cytosolic pool for the duration of the experiment (>30 minutes).
Our findings reveal two specialized properties of CENP-E at kinetochores. First, we show in live cells that CENP-E transports chromosomes from poles to the equator, whereas kinesin-1 has no directional preference. This directional transport is consistent with recent findings that a post-translational modification of tubulin, detyrosination, differentiates spindle MTs that are pointing toward the equator from astral MTs, and that CENP-E prefers detyrosinated MTs 31 . Our finding that kinesin-1 does not display a similar preference for spindle microtubules is consistent with in vitro findings that kinesin-1 is slightly less processive on detyrosinated MTs 32 , although conflicting results have also been reported in neurons [33] [34] [35] .
Thus, CENP-E specifically recognizes a MT code to guide chromosome congression. Second, we show that CENP-E stabilizes metaphase alignment. Given previous findings that CENP-E tracks dynamic MT tips in vitro 26 , our results in vivo indicate that CENP-E acts as a tether that can prevent kinesin-1 from walking kinetochores off the end of the MT and disrupting the metaphase configuration. Many chromosomes remain aligned after depletion or inhibition of CENP-E 25, 26, 36 , likely because other MT binding proteins at kinetochores can maintain MT attachment. Our results indicate that kinetochores lacking CENP-E are more vulnerable to perturbations, however, such as those introduced by our kinesin-1 recruitment. Overall, our results support a two-step model in which CENP-E transports kinetochores to MT plus-ends during congression and then maintains attachment of bioriented sister kinetochores to MT ends during metaphase oscillations.
This work establishes a foundation for optogenetic control of kinetochore function and highlights the advantages of a hybrid chemical and genetic approach. We are able to manipulate both gain and loss of enzymatic activities using light, with flexibility provided by the choice of proteins to tag and the choice of probes. We envision our approach to be readily adapted to probe other kinetochore processes, such as regulation by kinases and phosphatases, tension sensing and MT capture [37] [38] [39] . Our optogenetic tools are also broadly applicable to experimentally probe other dynamic cellular processes that depend on spatiotemporal regulation of protein localization.
Online Methods Dimerizer synthesis, characterization and storage
Details of dimerizer synthesis and characterization with NMR spectra are in supplementary information. Dimerizers were dissolved in DMSO at 10 mM and stored in amber plastic microcentrifuge tubes at −80 °C for long-term storage. For experiments, an aliquot was diluted in cell culture medium to final working concentration and kept at −20 °C, then warmed to 37 °C when ready to use. Care was taken to minimize exposure of dimerizers to light and heat prior to experiments. Working quickly in normal room lighting, or low levels of white light used for differential interference contrast microscopy, did not cause detectable premature cleavage of TNH or uncaging of CTH.
Plasmids
All plasmids in this study are derived from pEM705, which contains a CAG promoter for constitutive expression, obtained from E. V. Makeyev 40 . Plasmid 764: Halo-GFP-ActA includes the C-terminal 47 amino acids of the Listeria monocytogenes ActA gene, which confer mitochondrial outer membrane targeting. Plasmid 775: PEX3-GFP-Halo includes the N-terminal 42 amino acids of the human Pex3 gene, which confer peroxisome targeting. Plasmid 767: KLC1-mCherry-eDHFR includes residues 1-175 of rat kinesin-1 light chain. Plasmid 768: K560-mCherry-eDHFR includes residues 1-560 of human kinesin-1 heavy chain. Plasmid 770: BICD-mCherry-eDHFR includes residues 1-572 of mouse BICD2. Plasmids 764, 767, 768, 770, and 775 were previously reported 41, 42 . Plasmid 850: Halo-GFP-CENP-T contains the full length human kinetochore protein CENP-T. Plasmid 858: 3xHalo-GFP-SPC25 has three Haloenzymes fused to full length human kinetochore protein SPC25. Plasmid 841: mCherry-eDHFR-Mad1 was made by inserting Mad1 into plasmid 752: mCherry-eDHFR. CENP-E 620 and CENP-E 467 are truncations of human CENP-E (amino acids 1-620 or 1-467), which based on sequence contain the motor domain and a short part of the coiled-coil region but lack a significant part of the stalk, the kinetochore binding domain, and the second MT binding site 43, 44 . CENP-E 467 -mCherry-eDHFR and CENP-E 620 -mCherry-eDHFR were derived from plasmid 768: K560-mCherry-eDHFR. The CENP-E 620 cDNA with nucleotide sequence optimized for E. coli was amplified using PCR to generate CENP-E 620 and CENP-E 467 .
Cell culture and cell lines
All experiments were performed with HeLa acceptor cells as previously described 41 , originally obtained from E.V. Makayev, Nanyang Technological University, Singapore 40 . Cells were cultured in growth medium (Dulbecco's Modified Eagle's medium with 10% FBS and 1% penicillin-streptomycin) at 37 °C in a humidified atmosphere with 5% CO 2 . The cell line stably expressing Haloenzyme fused to CENP-B in Supplemental Figure 1a was reported previously 41 . All kinetochore experiments were performed with Haloenzyme tagged kinetochore proteins (Mis12, SPC25 and CENP-T) stably expressed in cell lines. The eDHFR constructs (Mad1 or motor proteins) were transiently expressed by transfection with Lipofectamine 2000 (Invitrogen) 24 hours prior to imaging, following the manufacturer's protocol. Transfections for Figure 1 and Supplementary Figure 1 were with a ratio of 1 μg plasmid DNA to 6 uL of Fugene 6 (Promega) 40 hours prior to the experiment. The Mis12-GFP-Halo cell line was created using CRISPR-Cas 9 to tag the endogenous Mis12 with Haloenzyme and GFP 45 , and GFP-positive cells were sorted with flow cytometry. Guide RNAs used for Mis12 are CACCGTTAATTGCTCAGTAGTCAAA and AAACTTTGACTACTGAGCAATTAAC. Halo-GFP-CENP-T and Halo-GFP-SPC25 cell lines were created using the HILO recombinase-mediated cassette exchange system (obtained from E.V. Makeyev, Nanyang Technological University, Singapore) 40 . Briefly, Hela acceptor cells at 60-80% confluency in a well of a 6-well plate were transfected with 1 μg of Halo-GFP-SPC25 or Halo-GFP-CENP-T plasmid together with 10 ng of a Cre recombinase plasmid using Lipofectamine 2000. Two days after transfection, 1 μg/mL puromycin was added to the growth medium to select stable cell lines. After selection, the top 5% of Halo-GFP-SPC25 positive cells were sorted and collected with flow cytometry. For CENP-E siRNA, cells were cotransfected with CENP-E siRNA 7 together with either K560-1-mCherry-eDHFR, CENP-E 46 -mCherry-EDHFR, or CENP-E 620 -mCherry-EDHFR. Cells at ~60-80% confluency in one well of a 6-well plate were transfected with 1 μg of plasmid DNA and 2 μg of siRNA using 5 μL Lipofectamine 2000. Experiments were performed 24-48 h after transfection.
Dimerizer cytotoxicity assay
AlamarBlue (Molecular ProbesTM, catalog no. DAL1100) cell viability assays were performed following the protocol provided by the manufacturer (ThermoFisher Scientific). The assay is based on conversion of a water-soluble dye, Resazurin, into a fluorescent and colorimetric indicator by metabolically active cells. Damaged and non-viable cells generate lower signal due to reduced metabolic activity. HeLa cells expressing Halo-GFP-Spc25 were cultured in a 96-well assay plate (Corning Incorporated Costar 3603), ~1×10 4 cells per well.
Cells were treated with CTH or TNH, or with DMSO or Blasticidin S HCl (10 μg/mL, ThermoFisher Scientific catalog no. A1113903) as controls. The final DMSO concentration was kept at 0.5% in 100 μL media in each well. After incubating with the dimerizers for 24 h, cells were washed once with 200 μL of fresh DMEM, then incubated with the AlamarBlue reagent (10X dilution in DMEM medium) for 2 h to allow conversion of resazurin to resorufin. The fluorescence signal was measured at 37°C with 550 nm excitation and 590 nm emission wavelengths, using a Tecan plate reader (model, Infinite® M1000 PRO) operated by Tecan i-control software. The fluorescence signal was background subtracted based on wells without cells and calculated as a percentage of the signal from DMSO control cells. Each dimerizer concentration was tested in quadruplicate, and data were averaged over three independent experiments.
Image acquisition
For live imaging, cells were seeded on 22×22mm glass coverslips (no. 1.5; Fisher Scientific) coated with poly-D-lysine (Sigma-Aldrich) in single wells of a 6-well plate. When ready for imaging, coverslips were mounted in magnetic chambers (Chamlide CM-S22-1, LCI) with cells maintained in L-15 medium without phenol red (Invitrogen) supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C on a heated stage in an environmental chamber (Incubator BL; PeCon GmbH). Images were acquired with a spinning disk confocal microscope (DM4000; Leica) with a ×100 1.4 NA objective, an XY Piezo-Z stage (Applied Scientific Instrumentation), a spinning disk (Yokogawa), an electron multiplier chargecoupled device camera (ImageEM; Hamamatsu Photonics), and a laser merge module equipped with 488-and 593-nm lasers (LMM5; Spectral Applied Research) controlled by MetaMorph software (Molecular Devices). For Mad1 experiments, time series were taken with time interval and duration manually decided based on cell cycle progression, and zstacks for both GFP and mCherry channel were taken with 0.5 μm spacing for a total of 3 μm. For motor experiments, time series were taken with a time interval of 20 seconds for total of 10 minutes, and z-stacks for both GFP and mCherry channel were taken with 0.5 μm spacing for a total of 5 μm, or in some cases (Figure 4 and Supplementary Figure 4 
Dimerization and photo-activation
For CTH experiments, cells were incubated with 10 μM CTH for 1h, followed by a 30 minute washout to remove unbound CTH. For TNH experiments, 100 nM TNH was added directly to cells on the microscope stage. Targeted uncaging or cleavage was performed with an iLas2 illuminator system (Roper Scientific), equipped with a 405 nm laser (CrystaLaser LC model # DL405-050-O, output of 27 mW after fiber coupling) controlled using the iLas2 software module within Metamorph. For whole-cell UV exposure experiments (Figure 1c) , light from a mercury arc lamp (Osram HXP R 120W/45c Vis) was filtered through a 387/11 nm band pass filter (Semrock part #FF01-387/11 as a component in a DAPI filter cube) and focused through the objective. For targeted irradiation with the 405 nm laser, a region of interest was defined using Metamorph. 7% laser power and 20 repetitions were used for CTH activation, and 8% and 40 repetitions were used for TNH cleavage unless otherwise stated. The CENP-E inhibitor GSK923295 (Cayman Chemical Company) was used at 50 nM and added to cells together with CTH and kept in the medium during CTH washout and imaging.
Statistical analyses
Statistical analyses methods are described in figure legends.
Image processing
Images were processed with ImageJ 47 . All images shown are maximum-intensity projections from all slices in z-stacks, except for mCherry images in Figure 4 , which are maximumintensity projections of z-sections with visible mCherry to improve the signal to noise ratio. For Figures 3 and 4 , kinetochore pairs were manually tracked to locate the start and end points of movement, and direction vectors were estimated by linking the start and end points. The pole-to-pole axis was defined by manually drawing a line perpendicular to the metaphase plate through the two pole regions. The spindle region was drawn manually by linking the pole and the edges of the metaphase plate. Coordinates were imported into MATLAB (MathWorks), and the angle between the direction of kinetochore movement and the pole-to-pole axis was calculated and plotted by placing the origin of movement at the origin of the coordinate plane, with the pole-to-pole axis as the horizontal axis. For quantification in Figure 5 , cells of interest in the Halo-GFP-SPC25 channel were cropped out from a maximum projection image and registered using the plugin StackReg with scaled rotation. The equator was estimated by manually drawing a line through the kinetochores at the first time point. For cells with CENP-E inhibitor, a region was drawn to include kinetochores at the equator and exclude those at the poles at the first time point, and only kinetochores in this region were analyzed for the following time points. Kinetochore coordinates were obtained by finding maxima in ImageJ and imported into MATLAB to calculate the average distance to the equator at each time point. Moving averages (Figure 5d) were obtained with the smooth function in MATLAB.
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Refer to Web version on PubMed Central for supplementary material. 15 ; CTH uses a different photocage; TNH is photocleavable between TMP and Halo. (c) Cells expressing mCherry-eDHFR and Halo-GFP-ActA, which localizes to mitochondria, were incubated with 10 μM CTH or 10 μM NTH. Cells were illuminated with a 100 ms pulse of wide field UV (387±5 nm), which was sufficient to uncage CTH but not NTH, followed by a 2 sec pulse to uncage NTH. (d) Cells expressing mCherry-eDHFR and Halo-GFP-ActA were incubated with 100 nM TNH to recruit mCherry to mitochondria. Three regions were illuminated sequentially with a 405 nm laser to cleave TNH and release mCherry from Mitochondria. (e, f) Cells expressing KLC1-mCherry-eDHFR and PEX3-GFP-Halo, which localizes to peroxisomes, were treated with 100 nM TNH at t=−4 min to induce peroxisome transport towards the cell periphery. Half the cell (yellow region) was illuminated with a 405 nm laser at t=0 to cleave TNH. GFP intensity was quantified (f) in the interior region (1) where TNH was cleaved and in interior and peripheral regions (2 and 3 respectively) that were not exposed to 405 nm light. Intensity in each region over time is shown as a fraction of the maximal intensity in that region. Scale bars 10 μm. (a) Model for CENP-E transporting pole-proximal chromosomes specifically toward the equator (left) and experimental design (right) to test whether kinesin-1, another plus-end directed motor, can rescue CENP-E inhibition in cells expressing Halo-GFP-SPC25 and K560-mCherry-eDHFR (kinesin-1). (b-e) Cells were treated with the CENP-E inhibitor GSK923295 and with CTH, then CTH was uncaged at one pole (b, yellow region) to recruit kinesin-1 motors to kinetochores at that pole, and cells were imaged live for 10 minutes. Solid lines (c) are representative trajectories of kinetochore movements for the cell shown in (b). For each kinetochore, a direction vector was estimated by linking the start and end points (e.g., orange arrow). The pole-pole axis (orange dashed line) and the spindle region (dashed green triangle) were drawn manually. Direction vectors are plotted for kinetochore movements at the uncaged pole in a single cell, (d, corresponding to cell shown in b and c), and for multiple cells (e, n=75 kinetochore pairs from 9 cells). The pole-pole axis is the horizontal axis, and starting points for each kinetochore are superimposed at the origin. Red arrows represent movement towards the metaphase plate. Scale bars 5 μm. To compare data from multiple cells (d), mean distance was averaged over the 300 to 400 second time window, and the mean distance at t=0 was subtracted. Each data point represents a single cell; horizontal line, mean. P values are from two-sided t-test. Scale bar 5 μm.
